Polyphenols, a kind of bioflavonoid with phenolic hydroxy groups, are an integral part of both human and animal diets. They exist very widely, for example, in vegetables, tea, and some drinks. 1 Polyphenols have significant antioxidant activity and numerous potentially beneficial medicinal properties including anti-inflammatory, antivirus, and anticancer activity, and prevention of cardiovascular disease. For example, among the polyphenols, gallic acid has anti-inflammatory 2 and antitumor activity, 3 epigallocatechin gallate can prevent cancer by inhibiting urokinase, 4 and both baicalein (with over three hydroxyl groups) and its derivatives can inhibit the activity of human immunodeficiency virus reverse transcriptase. 5 Due to these beneficial effects of polyphenols on the human health, the current interest in the health effects of tea and investigations of natural materials as a source of chemotherapeutic agents have necessitated the development of new analytical methods for the determination of polyphenols.
A variety of methods have been developed for the measurement of polyphenols, including ultraviolet, [6] [7] [8] fluorescence, 9 mass, 10 and electrochemical detection. 11, 12 However, these methods share the drawback of interference by various compounds in the analytical samples. Therefore, the exact antioxidant effects and metabolism of polyphenols have not been clarified yet. Thus, a more selective and sensitive method is desired.
Recently, chemiluminescence (CL) methods have been reported for the determination of polyphenols. However, among the typical CL compounds, such as luminol and acridinium ester, the CL intensity of polyphenol is much smaller than that of the ester (ca. 1/5000). Thus, some enhancers have been used, such as formaldehyde, 13 N-bromosucinimide 14 and phenylboronic acid derivatives. 15 Previously, we have reported that 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) can enhance the intensity of polyphenol CL ranging from 20-to 3600-fold. 16 Then, using EDC as the enhancer, we developed a flow injection analysis (FIA) with CL detection for the determination of pyrogallol. 17 In this study, the enhancement effect of EDC was used to develop a selective and sensitive high performance liquid chromatography-chemiluminescence (HPLC-CL) method for the determination of pyrogallol (PY), gallic acid (GA), epigallocatechin (EGC), and epigallocatechin gallate (EGCG).
Experimental

Reagents and solutions
EDC was purchased from Nacalai Tesque (Kyoto, Japan). PY and GA were purchased from Wako Pure Chemical Co. (Osaka, Japan). EGC was purchased from Sigma (USA), and EGCG was a gift from MITSUI NORIN Co., Ltd. (Tokyo, Japan). H2O2 (31%, v/v) was purchased from Mitsubishi Gas Kagaku (Tokyo, Japan). All the other chemicals and solvents were of analytical reagent grade. Deionized and distilled water purified by the Milli-Q II system (Japan Millipore, Tokyo, Japan) was used.
Stock standard solutions of PY, GA, EGC and EGCG (1 mM, respectively) were prepared in 0.1% (v/v) phosphoric acid and then stored at 4˚C after filtration (Cosmonice Filter W 0.45 µm, Japan Millipore, Tokyo, Japan). A working standard of a mixture of polyphenols was diluted to 5 µM with water from the stock solutions before HPLC-CL analysis. NaOH, H2O2 and EDC solutions were dissolved in water just before use.
Apparatus and HPLC-CL assay conditions
The HPLC-CL system used in the polyphenol assay is shown in Fig. 1 . A Tosoh CCPM pump with a Rheodyne 7125 syringeloading sample injector valve (10 µl) loop was used. The mobile phase compositions used were solution A, 0.1% (v/v) phosphoric acid, and solution B, methanol-0.1% (v/v) phosphoric acid (60:40, v/v). A stepwise gradient elution of methanol was carried out first at 10% methanol (0 -8 min), then at 31 -37% methanol (8 -15 min) with a flow rate of 0.3 ml min -1 between pump A and B. All separations were conducted at ambient temperature using a CAPCELL PAK C18MG (150 mm × 3 mm i.d., 5 µM, Shiseido) column.
C, chemiluminescence reagent C (NaOH aqueous solution), and D, chemiluminescence reagent D (EDC-H2O2 aqueous solution), were pumped (Japan and Yokogawa LC 100 system pump, Jasco PU-1580 Tokyo) at a flow rate of 0.1 ml min -1 . The polyphenol CL was measured by the Jasco CL 925 CL detector, and the CL signal was monitored by the Hitachi D-2500 integrator.
Results and Discussion
It was reported that PY was a metabolite of GA, 7 and that both PY and GA were the metabolites of tannic acid; 8 therefore, we deduced that PY, GA and EGC may be the metabolites of EGCG in biometrics based on their structures. This is the reason why PY, GA, EGC and EGCG were selected as the models for polyphenol examination in this study. Figure 2 (A -D) shows the effects of EDC, H2O2, NaOH and the flow rate of NaOH on the chemiluminescence development of PY, GA, EGC, and EGCG. The EDC concentration in the range of 0.01 -0.5 M was examined (Fig. 2 (A) ). When 0.05 M EDC was used, the maximum CL intensity was obtained for the four examined polyphenols.
The effect of the H2O2 concentration in the range of 0.01 -0.5 M was examined further (Fig. 2 (B) ). No significant change was observed in the CL intensities of PY, GA, and EGCG in the range of 0.1 -0.5 M H2O2. On the other hand, EGC showed the maximum CL intensity in 0.1 M H2O2 and CL intensity in 0.5 M H2O2 decreased. Thus 0.1 M H2O2 was selected. The effect of the NaOH concentration in the range of 0.05 -0.2 M was then examined (Fig. 2 (C) ). The maximum CL intensity was seen for GA, EGC, and EGCG in 0.075 M NaOH and for PY in 0.1 M. Therefore, 0.075 M NaOH was selected. Lastly, the flow rate of NaOH over the range of 0.1 -0.5 ml min -1 was examined ( Fig. 2 (D) ). The CL intensity of the four polyphenols decreased with the increasing flow rate of NaOH. So 0.1 ml min -1 of NaOH was selected. The length of reaction coil in the range of 10 -100 cm between the tees for the inlets of chemiluminescence reagent C and D was tested, but no significant change was observed in the CL intensity of the four polyphenols (data are not shown). Thus a length 10 cm was used in the present method. The temperature of the reaction coil was set at ambient temperature based on the data reported by us previously. 17 The chromatogram of a standard mixture of 50 pmol each of PY, GA, EGC, and EGCG is shown in Fig. 3 under the conditions determined above. The presence of acid in the mobile phase was essential to both complete resolution of the catechins and efficient chromatography of these compounds, especially for the elimination of peak tailing. 18 The mobile phase for separation of the polyphenols was also tested, where methanol-0.1% (v/v) phosphoric acid, methanol-phosphate buffer (20 mM, pH 7.0), and methanol-water were compared. When methanol-phosphate buffer (20 mM, pH 7.0) and methanol-water were used, the four polyphenols could not be completely separated from the baseline or the peak became broad (data are not shown).
Therefore, we selected methanol-0.1% (v/v) phosphoric acid as the mobile phase. Figure 4 shows the calibration curves of PY, GA, EGC and EGCG determined under the same HPLC-CL conditions as in 3 . The CL intensity of each polyphenol was plotted against the concentration. A good linear relationship between the CL intensity and concentration was noted at 5 -100 pmol, with the correlation coefficients for the four polyphenols ranging from 0.9603 to 0.9985. Relative standard deviations (RSD) of the examined polyphenols were below 10% (n = 3). The detection limit for PY and GA was 5 pmol, and EGC and EGCG 2 pmol at 3 in the signal-to-noise ratio. The detection limit for PY was 2.5-fold lower than that obtained by the FIA-electrochemistry chemiluminescence method; 19 the detection limit of GA was 5-fold higher than that obtained by the GC/MS method; 10 EGC and EGCG showed the same sensitivity as with the HPLC-CL method. 20, 21 In the HPLC-CL assay, H2O2/CH3CHO/HRP was used. Polyphenol reacts with H2O2 to form an oxygenated intermediate, which is then converted to an electrically excited hydroxyl compound under the oxygenation of acetaldehyde. The CL is generated from the electrically excited hydroxyl compound on transition to the ground state. 21 In the present method, EDC reacts with polyphenols and accelerates the production of the 3-hydroxycyclohexa-3,5-diene-1,2-diones in the initial step of the polyphenol CL. 16 In conclusion, we have newly established an HPLC-CL method for measuring polyphenols using EDC as an enhancer. This method represents a powerful tool for studying polyphenols. 
